Bleeding represents the most feared complication of the new oral anticoagulants, direct oral anticoagulants (DOACs), as well as all the antithrombotic therapies. During the acute phase of bleeding in patients taking anticoagulants, restoration of an effective hemostasis represents the cornerstone of practical management. While vitamin K antagonists are effectively and promptly reversed by specific antidotes such as prothrombin complex concentrates (PCCs), fresh frozen plasma or vitamin K, it is still not clear how to manage the urgent reversal of DOACs during life-threatening or major bleedings due to the lack of specific antidotes. However, in vitro and ex vivo studies have suggested some potential strategies to reverse DOACs in clinical practice, other than general support measures that are always recommended. Activated charcoal could be used in subjects with DOAC-related bleedings presenting to the emergency department within two hours of the last oral intake. Non-activated or activated PCCs (FEIBA) and recombinant activated Factor VII (raFVII) seem to be the optimal strategy for urgent reversal of dabigatran, while non-activated PCCs seem to have efficacy in reversing rivaroxaban. Due to its low plasma protein binding, dabigatran could be also dialyzed in urgent cases. Clinically relevant non-major bleedings and minor bleedings should be treated with general and local measures, respectively, and, when necessary, with dose delay or drug withdrawal. In this article, the Authors describe the practical approach to bleedings occurring during DOACs treatment.
Introduction
Phase III randomized clinical trials (RCT) have demonstrated non-inferiority in terms of efficacy and safety of new oral anticoagulant molecules, the direct oral anticoagulant (DOACs) inhibitors of thrombin (dabigatran) or activated Factor X (rivaroxaban, apixaban and edoxaban) in the prevention of venous thromboembolism (VTE) in the setting of major orthopedic surgery, VTE treatment in the acute, long-term and ex-tended phases, and in cardioembolic prevention of nonvalvular atrial fibrillation (NVAF). [1] [2] [3] [4] Furthermore, on many safety end points, DOACs have been shown to be significantly superior to comparators in reducing relative risk of bleeding and, of utmost importance, all DOACs have been associated with a significant reduction in intracranial bleeding risk, especially when compared to warfarin in NVAF, this trend being confirmed from post-marketing reports. [5] [6] [7] DOACs have also favorable pharmacokinetic and pharmacodynamic characteristics, such as brief half-life and fast elimination after withdrawal which are extremely important when bleeding occurs. 8 Despite these positive aspects, the incidence of DOAC-related bleedings is not negligible and their optimal management is, therefore, of the utmost importance in clinical practice.
Definition of severity of antithrombotic-related bleeding
The correct identification and estimation of their severity is essential for the optimal management of antithrombotic-related bleedings. Many definitions for antithrombotic-related bleedings have been proposed over the years, especially useful for the safety end points in RCTs on antithrombotic drugs but applicable also in routine clinical practice. The International Society on Thrombosis and Haemostasis (ISTH) identifies major Urgent reversal therapy of direct oral anticoagulants and minor bleedings. Major bleeding events include fatal bleedings and bleedings occurring in critical sites such as central nervous system, eyes, pericardium and thorax, gastrointestinal lumen, peritoneum and retroperitoneum, joints and those proving compartmentalization syndrome or a fall in hemoglobin levels of at least 2 g/dL or the need for at least 2 red cell packs or requiring invasive or surgical maneuvers to stop bleeding. All bleeding events that do not fit the abovementioned criteria are considered minor. 9 Phase III RCT on DOACs have used similar bleeding definitions but with special considerations. Adjunctive definitions of lifethreatening major bleedings and clinically relevant nonmajor bleedings have been used to distinguish these events from major and minor bleedings. Table 1 shows definitions for bleedings used in phase III RCTs on DOACs in NVAF. [10] [11] [12] [13] Therefore, site and entity represent the cornerstone for the correct approach of antithrombotic-related bleedings on which appropriate management strategies should be performed. 9 Life-threatening and/or major bleedings are clinical emergencies needing prompt specific and general measures, respectively, aimed at neutralizing the antithrombotic effect of drugs (urgent reversal) and restoring adequate and effective hemostasis, and offer medical or surgical support treatment for management of the consequences of blood loss, such as acute anemia with tissue hypoxia or mass effect in critical sites such as the brain in intracranial bleedings. 9, 14 
Urgent reversal of vitamin K antagonists and other antithrombotic drugs
The concept of urgent reversal of antithrombotic drugs has been developed specifically for vitamin K antagonist (VKA)-related major bleedings and it has also been applied for the other antithrombotic drugs. 15 The only discontinuation of VKAs, besides the need to do so in the context of major bleeding events, proves VKA neutralization in around 3-5 days; therefore, specific measures for their faster neutralization are necessary. 16 VKAs represent the prototype of drugs with specific antidotes for their reversal, represented by non-activated prothrombin complex concentrates (PCCs), fresh frozen plasma (FFP), recombinant activated Factor VII (raFVII) and vitamin K1. 14 Despite the fact that the first literature reports on the urgent reversal of VKAs by using non-activated PCCs date back to the 1970s, 17 widespread use of PCCs in this context has only developed over the last ten years ( Figure 1 ), even if they are still dramatically underused. 18 PCCs represent products derived from plasma and containing 3 or 4 non-activated vitamin K dependent coagulation factors (Factors II, VII, IX and X) and distributed in bottles of a few tenths of milliliters. 19 Three-and 4-factors PCCs differ for the presence of non-activated Factor VII, contained in only 4-factors PCCs. 19 Intravenous administration of PPCs with the goal of bringing international normalized ratio (INR) to values of 1.5 or under can be assured in Table 1 . Classification of bleedings in phase III randomized clinical trials on DOACs in non-valvular atrial fibrillation.
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Hemoglobin fall of at least 2 g/L or bleeding Fatal or hemoglobin fall of at least 2 g/L Fatal or hemoglobin fall of at least 2 g/L bleedings requiring at least 2 packs of red cells or bleeding requiring at least 2 packs or bleeding requiring at least 2 packs or symptomatic bleeding in a critical site of red cells or symptomatic of red cells or symptomatic bleeding Sub-group of major bleedings:
bleeding Review a few minutes, allowing prompt VKA reversal. 20 PCCs are now considered the first choice treatment for urgent reversal of VKA by the main scientific societies. 16, [21] [22] [23] [24] [25] [26] When compared with FFP, PCCs guarantee faster VKA reversal and lower volume load. 27 Volume overload (optimal dose of FFP to reverse VKAs being 15-30 mL/kg), especially worrying in elderly patients or those affected by heart disease, delays due to thawing and ABO blood group typing, risk of infection and TRALI (transfusion acute lung injury), represent a major limitation in the use of FFP which require at least 4-6 h for VKA reversal. 27 Factor Eight Inhibitor By-passing Activity (FEIBAs) are PCCs containing Factor VII in activated form and Factors II, IX and X primarly in non activated form and are mainly used in hemophilic patients who develop inhibitors against Factors VIII or IX. 28 FEIBAs have been used for urgent reversal of VKAs with positive results in terms of efficacy when compared with FFP, but they have still not been recommended for urgent reversal of VKAs and are burdened by high secondary thromboembolic risk. 28 There is much evidence in the literature to demonstrate that FVIIra is effective for prompt VKA reversal but, unfortunately, it is associated with high risk of arterial and venous thromboembolic complications. Therefore, in contrast to recent experiences, it is not recommended for VKA reversal and its use in this context remains off-label. 29, 30 Intravenous administration of vitamin K1 represents the most used strategy for VKA reversal and is the only strategy to be recognized with recommenda-tion grade IA, but it cannot represent the only strategy for urgent VKA reversal because of its slow onset of action which starts after 2 h and is only completed after 12-16 h. 31 However, vitamin K1 should always be administered together with PCCs or FFP because it proves the synthesis de novo of vitamin K dependent coagulation factors from the liver, permitting stable reversal. PCCs, FFP and raFVII have a brief half-life, therefore, the missed dose of vitamin K1 could result in a rebound of INR values once the abovementioned measures are no longer in action. 32 Oral administration of vitamin K1 represents the treatment of choice for VKA reversal in the context of non-major bleedings or in supra-therapeutic INR due to VKA overdose. 33 Bringing INR values down to 1.5 or under by urgent reversal helps restore adequate hemostasis and reduces the risk of hematoma enlargement and/or blood loss, significantly increased when INR is in therapeutic range or at supra-therapeutic values. 14 The model of VKA-related intracranial bleeding is of particular interest in this context in order to understand the positive effect of urgent reversal. 34, 35 Patients on VKAs who develop intracranial bleeding and who do not receive prompt reversal ( Figure 2 ) have more than 3 times the risk of hematoma enlargement compared to non-VKA patients. 36 Hematoma enlargement occurring in the first hours after symptom onset is associated with more frequent severe neurological deterioration, higher mortality or severe residual neurological disability. 37 Experimental animal models and clinical studies demonstrate that urgent reversal of 
Urgent reversal therapy of direct oral anticoagulants
VKAs by the use of PCCs reduces hematoma enlargement and a very recent study demonstrates that urgent reversal could be associated with a decrease in mortality. 35, 38 There are concerns about the role of DOACs on hematoma enlargement in intracranial bleedings. Mice and murine models of induced intracranial bleeding demonstrate that pre-treatment with dabigatran and rivaroxaban is associated to hematoma enlargement only when administered at doses aimed to reach supra-therapeutic concentrations, whereas when administered at doses corresponding to therapeutic concentrations hematoma enlargement is not significantly different compared to placebo. 39 One could speculate that, translating this to human, hematoma enlargement should happen only in patients with DOACs overdose; however, this has not yet been demonstrated in real practice. Among the other antithrombotic drugs used in clinical practice or studied in clinical trials as anticoagulants, such as recombinant tissue plasminogen activator (rtPA), unfractionated heparin, low molecular weight heparin, fondaparinux, idraparinux or idrabiotaparinux, only protamine sulfate for unfractionated heparin and avidin for idrabiotaparinux (not marketed and not available for clinical practice) are recognized as specific antidotes. 40, 41 In fact, there are some concerns about which is the optimal strategy to apply in rtPA-related bleedings, on the role of protamine sulfate as antidote for low molecular weight heparins on which it seems to have only a partial effect, and raFVII for fondaparinux on which the only evidence in the literature has been in re-ports on experimental animal models or voluntary healthy subjects but outside the context of major bleeding. 42, 43 Furthermore, attention should also be given to the absence of specific antidotes for old and new antiplatelets. 40 In spite of the fact that platelet transfusion or intravenous administration of desmopressin have been proposed as potential non-specific strategies for antiplatelet-related bleedings, there are no reports in the literature to demonstrate their beneficial effect, especially for intracranial bleedings (Table 2) . 40, 44 
Strategies for urgent DOACs reversal: evidence in the literature
The indications for urgent reversal of DOACs are the same as for VKAs and other anticoagulants. The main indications for prompt DOACs reversal include: life-threatening or major bleedings, clinical conditions at high risk of bleeding such as major head injury in patients treated with DOACs, overdose associated with coagulation or platelet disorders or in patients also taking other antithrombotic drugs at the same time, or the need for emergency or urgent surgery. 45, 46 To date, one of the main limitations about the use of DOACS is represented by the absence of specific antidotes for their urgent reversal. 8 Different strategies aimed at the urgent reversal of the anticoagulant effect of DOACs have been tested, mainly evaluating their effect on normalization of coagulation parameters both in in vitro and in ex vivo ex- Review perimental animal models or voluntary healthy subjects taking DOACs. Furthermore, case reports of management of DOAC-related bleedings are also available in the literature. However, there are as yet no solid clinical studies of a numerically relevant size able to extrapolate evidence-based recommendations for clinical practice.
Two in vitro studies have demonstrated that approximately 100% of the dose of dabigatran can be adsorbed by oral activated charcoal or activated charcoal during hemoperfusion, respectively. 47, 48 In a rabbit model, Pragst et al. demonstrated that a high dose of a 4-factors PCC normalized the blood loss in dabigatran-related induced bleedings. In another animal model pre-treated with dabigatran, the use of PCC was associated with increased thrombin generation but failed to demonstrate the aPTT normalization. 49 An in vivo mouse model of induced intracranial bleeding demonstrated that PCCs, FFP but not raVII, administered to mice treated with a high dose of dabigatran could reduce the hematoma enlargement. 50 One in vitro study was conducted on blood of rats pre-treated with edoxaban, an antiXa DOACs still not marketed in Europe, demonstrating that pro-hemostatic non-specific agents, such as 4-factors non-activated PCCs, activated PCCs (FEIBA) and raFVII normalize coagulation parameters. 51 In a baboon model, a very high dose of raFVII (210 microg/kg) only demonstrated a modest effect on the bleeding time after the intravenous administration of rivaroxaban. 48, 52 Marlu et al. performed an ex vivo study on 10 healthy volunteers randomized to receive dabigatran or rivaroxaban. 53 After two weeks their blood was taken and subjected to non-specific pro-hemostatic agents. The study showed that dabigatran could be reversed by FEIBA and raFVII but not 4-factors PCC, while rivaroxaban could be reversed by 4-factors PCC and FEIBA but not raFVII. 53 Similar results were reproduced by using FEIBA in another ex vivo study on blood samples of 8 healthy volunteers taking dabigatran, demonstrating that these non-specific pro-hemostatic agents increase thrombin generation in a dose-dependent manner and, therefore, indirectly demonstrating the neutralization of dabigatran. 54 One study performed on 6 volunteers with endstage renal disease demonstrated that dabigatran can be removed by using hemodialysis. 55 One study enrolling 12 voluntary healthy subjects represents the main literature evidence on in vivo urgent DOACs reversal. 56 Six subjects receiving dabigatran and 6 receiving rivaroxaban underwent a very high dose of 4-factors PCC (50 UI/kg) and their coagulation parameters were measured after infusion. 56 This study seems to demonstrate that 4-factors PCC is effective for urgent reversal of rivaroxaban but that it is ineffective for dabigatran. It should be underlined that this is a very Urgent reversal therapy of direct oral anticoagulants high dose of PCC corresponding to that required for VKA reversal when INR is 4.0 or over. 14 There are an increasing number of reports in the literature on clinical cases referring to patients treated with DOACs and developing major bleeding complications. This literature evidence almost solely concerns dabigatran, since this was the first DOACs to be marketed. It is worthy of note that many of these episodes occur in cases of patients on DOACs that do not correspond to drug recommendations, e.g. taking dabigatran in the presence of severe renal failure, a condition in which this drug is absolutely contraindicated. Harper et al. reported 44 bleeding cases occurring in elderly patients on dabigatran, 12 of them major bleeding events. 57 The authors found that 25% of bleedings could be attributed to prescription errors. It is extremely important to consider that 6 patients (13.6%) had severe renal failure and 15 (34%) had moderate renal failure, conditions in which dabigatran is absolutely contraindicated or has to be reduced, respectively. 57 Moreover, the authors found that 50% of patients weighed less than 60 kg and the majority of them had not received dose adjustment. Furthermore, 36% of patients in this case series received blood products, but the authors did not provide any details on these, therefore, it is not possible to extrapolate data on reversal strategy. 57 Harinstein et al. reported a literature review on the treatment of 13 patients on dabigatran who developed bleeding events. All patients had creatinine clearance below 40 mL/min. Surprisingly, 5 patients received vitamin K for urgent dabigatran reversal, 8 FFP, 3 PCCs, and 3 raFVII. Mortality in this case series was 38.4%. 58 Of great interest, the recent demonstration that 15 patients receiving dabigatran and presenting to the emergency department for bleeding (9 major bleedings, 4 life-threatening bleedings), 12 of them gastrointestinal bleedings, received only general support plus red cell transfusion with the exception of 2 patients; one of these with hemo-pericardium, receiving FFP. 59 Overall mortality was 13% (100% in patients treated with FFP vs 0% in patients not treated with FFP). This case series seems to confirm that FFP is ineffective, and highlights that, in many patients, general support and close monitoring associated with drug withdrawal could be a possible strategy (Table 3 ). 59
Future perspectives
The goal of clinical and pharmacological research on DOACs is represented by the identification of specific antidotes. Extremely important reports aimed at reducing this gap in knowledge have been published very recently. A monoclonal antibody fragment (aDabi-Fab, antibody-dabigatran-fragment antigen binding) has been studied in vitro and in vivo in a rat model of anticoagulation, demonstrating its property to quickly reverse the anticoagulant effect of dabigatran, while a recombinant protein, representing a truncated form of inactive coagulation Factor Xa, has been studied as universal specific antidotes for oral direct Xa inhibitors (rantidote-PRT064445) as well as for LMWH or fondaparinux when bound with antithrombin. In rabbit models, the anticoagulant effect of rivaroxaban was reversed by this recombinant antidote, whereas in rat models the antithrombin-dependent anticoagulation of enoxaparin and fondaparinux was reversed. 60, 61 Despite the fact that these agents still need to be tested in human, this evidence opens the door for the next step of using specific antidotes in DOACs reversal.
Current practical management of DOAC-related bleedings
Knowledge of pharmacokinetic and pharmacodynamic properties of DOACs is of the utmost importance in order to establish adequate bleeding management strategies in cases related to their use. The brief half-time, in fact, on the one hand allows us to obtain a prompt anticoagulant effect but could otherwise result in a fast elimination after withdrawal in patients with normal renal function. 8 Therefore, in Review clinically relevant non-major bleedings or minor bleedings, apart from general measures for controlling blood loss, the suggested treatments are represented by drug withdrawal which proves elimination in 12-24 h in the presence of normal renal function, or delaying the next dose, especially if overdose is suspected or confirmed by coagulation assays. [62] [63] [64] [65] [66] [67] In non-major bleeding, however, the balance between thrombotic and bleeding risk should be taken into account when withdrawal of the drug is a possible option. In patients with high thrombotic risk, discontinuation of antithrombotic drugs could, in fact, represent an extremely hazardous choice, despite being justified by bleeding.
In patients with renal failure, more time is required for DOACs elimination. However, this is generally less (<3 days) than that needed for VKA elimination after their withdrawal (3-5 days). 8 Maintaining adequate diuresis with fluids support is, therefore, imperative in DOCA-related bleedings. [62] [63] [64] [65] [66] [67] When major DOAC-related bleedings occur within 2 h of the last drug oral intake, activated charcoal could be a potential choice because it blocks the gastrointestinal drug adsorption. 62 Despite the fact that this has only been tested for dabigatran, this seems to be a reasonable option for all DOACs. 62 The relatively low plasma protein binding (35%) permits the use of hemodialysis for accelerating plasma clearance of dabigatran and this characteristic could be used in the occurrence of major bleedings or in other conditions needing urgent drug reversal. 62 However, especially in the occurrence of intracranial bleeding, urgent hemodialysis could be an option that is not easily available in hospitals serving a catchment area with a population of 150,000-300,000 people (first-level hospitals).
Once adsorbed, the pharmacokinetics of DOACs has a valley-peak profile. [68] [69] [70] Mean time to reach plasmatic peak concentration is approximately 2-3 h, with some differences seen between the single DOACs. 8, [68] [69] [70] After reaching peak concentration, plasmatic concentration of DOACs progressively falls over the following hours with the lowest level being reached before the next dose administration (valley). 8, [68] [69] [70] This concept is made clear by the analysis of coagulation parameters influenced by DOACs and is well described in dose-finding studies. [71] [72] [73] At the moment of peak concentration of dabigatran, diluted thrombin time (dTT), ecarin clotting time (ECT) and aPTT are increased 2-3 fold compared to basal values, whereas before next dose administration they are increased by 1.5-fold. 74 Similar considerations are possible for rivaroxaban by measuring prothrombin time (PT) with rivaroxaban-sensitive thromboplastins, anti-Xa activity or aPTT. 75 It should be noted that both for dabigatran and for antiXa molecules, relief of coagulation parameters increased by 2-fold before the next dose administration is associated to higher risk of bleedings. 74, 75 On the other hand, within 2 h of oral intake, coagulation parameters could be normal or near normal and anticoagulant activity of DOACs could be missed or underestimated in this phase. 74, 75 Therefore, it is of the utmost importance to know the timing of the last dose intake.
This short background is of utmost importance in clinical practice, especially in the context of urgent reversal. Despite the definition of solid evidence-based guidelines, consensus on practical management of DOAC-related bleedings recommends urgent reversal when there is clear evidence of a DOACs anticoagulant effect. In other words, when there is evidence of prolonged coagulation parameters while all appropriate coagulation parameters monitored are in the normal range, urgent reversal seems not to be indicated, at least in cases in which the anticoagulant activity is detected after 2 h from the last oral intake. [62] [63] [64] [65] [66] [67] Since there is a wide variability in the anticoagulant effect of DOACs on coagulation parameters according to the different reagents used, it is imperative to know which assay method is adopted in each laboratory. Unfortunately, many laboratory methods suggested for DOACs monitoring are not available in many laboratories, especially those of first levels hospitals, such as dTT, ECT, or antiXa activity. 76, 77 Due to its wide availability, the ISTH has very recently proposed the use of aPTT as the screening method to be used to determine the relative grade of dabigatran anticoagulation and to be used in the emergency setting, and dTT as the method for assessing the dabigatran concentration. 78 A normal dTT demonstrates very low or undetectable dabigatran concentration and anticoagulant activity. 78 In the same way, PT performed by using a specific thromboplastin for rivaroxaban should be used in the emergency setting to detect the relative grade of anticoagulation, whereas the antiXa activity should be used to detect the rivaroxaban concentration levels. 78 It is unclear whether this approach could be proposed for apixaban.
Based on the abovementioned available literature, 4-factors PCCs (25-50 UI/kg) or raFVII (90-120 microg/kg) or FEIBA (30-50 FEIBA Units/kg) and/or hemodialysis with active charcoal represent possible choices for urgent reversal of dabigatran, while 4-factors PCCs are currently considered the first choice for urgent reversal of rivaroxaban and edoxaban, but these strategies need to be verified and confirmed in the context of bleeding patients. [62] [63] [64] [65] [66] [67] It is unclear whether urgent reversal of apixaban may be performed as well as the other antiXa, due to the lack of experimental studies and evidence in the literature. Urgent reversal therapy of direct oral anticoagulants shows that 4-factors PCC seem to be effective in stop bleeding. 79 After urgent reversal, also of VKAs, monitoring of coagulation parameters should be performed but, again, it is still not clear if an adjunctive dose should be administered in the case of permanence of prolonged coagulation parameters as for VKAs when the INR remains over 1.5 after the first dose of PCCs. 14 In the abovementioned study of Diaz MQ et al. the aPTT was not significantly modified from 4-factors PCC, despite the fact that bleeding was stopped by its use. 79 Therefore clinical judgment more than coagulation parameter should drive the choice of administering an adjunctive dose of 4-factors PCC for avoiding too high doses of 4-factors PCCs and pro-thrombotic risks. Practical recommendations suggest repeating 4-factors PCC no more than 2-fold. 80 Figure 3 reports a possible management flow chart suggested for DOAC-related bleeding based on bleeding severity.
Conclusions
Phase III RCTs and post-marketing surveys have shown the efficacy and safety of DOACs, at least when compared to the comparator anticoagulants. However, the bleeding risk remains and is unavoidable due to their anticoagulant properties. Despite the current lack of specific antidotes, strategies demonstrating effectiveness at least in in vitro or ex vivo studies, or in clinical practice in countries where DOACs are already marketed, should be adopted. In any case, studies aimed at validating the best strategies for clinical practice are urgently required. 
